The distribution of brain activation during working memory processing of emotional vocal expressions was studied using functional magnetic resonance imaging (fMRI) in eight female subjects performing nback tasks with three load levels (0-back, 1-back, and 2-back tasks). The stimuli in the n-back tasks were the Finnish female name [Saara] uttered in an astonished, angry, frightened, commanding, and scornful mode, and the subjects were instructed to memorize the emotional connotation of the stimuli. Subregions in the prefrontal, parietal, and visual association areas were load-dependently activated during the performance of the n-back tasks. The most consistently activated areas in the prefrontal region were detected in the inferior frontal gyrus corresponding to Brodmann's areas (BAs) 44 and 45 and in the middle and superior frontal gyri (BAs 6/8). Activation was also found in the inferior parietal lobe and intraparietal sulcus (BAs 40/7) and visual association areas including the lingual and fusiform gyri. The results suggest that a distributed neuronal network in occipital, parietal, and frontal areas is involved in working memory processing of emotional content of aurally presented information.
INTRODUCTION
Both facial and vocal expressions of emotions have an important role in social interaction. The neuronal mechanisms underlying the recognition of facial expressions have been studied in brain-damaged patients and in neurologically healthy human subjects (Adolphs et al., 1996; Breiter et al., 1996; Morris et al., 1996; Phillips et al., 1997 Phillips et al., , 1998a . Lesions in the amygdala have been shown to induce deficits in recognition of fearful facial expressions (Adolphs et al., 1994) . Also in neuroimaging studies, the amygdala has been shown to be activated during recognition of facial expressions of fear Phillips et al., 1997 Phillips et al., , 1998b but not of disgust (Phillips et al., 1997 (Phillips et al., , 1998b , happiness (Phillips et al., 1998a; cf. Breiter et al., 1996) , or sadness (Phillips et al., 1998a) . Perception of vocal expressions of emotions has not been studied as extensively as that of facial expressions. For instance, it has been shown that the amygdala is involved in recognition of both facial and vocal expressions of fear (Scott et al., 1997; Phillips et al., 1998b) , whereas in the study by Anderson and Phelps (1998) bilateral lesions of the amygdala did not affect the recognition of vocal expressions of fear. Perception of facial and vocal expressions has also been shown to activate several other brain regions including the posterior parietal, temporal, temporo-occipital, prefrontal, and cingular areas (Breiter et al., 1996; Imaizumi et al., 1997; Maddock and Buonocore, 1997; Phillips et al., 1997 Phillips et al., , 1998a . It has been suggested that activation in some of these areas is related to identification and interpretation of emotional expressions and/or engagement of episodic memory processes (Imaizumi et al., 1997; Maddock and Buonocore, 1997; Phillips et al., 1998b; Hariri et al., 2000) .
In social interaction of man and nonhuman primates, continuous monitoring of vocal and facial expressions is of fundamental importance for adequate behavioral adjustments (Bertrand, 1969; ChevalierSkolnikoff, 1974 ). This requires on-line processing and manipulation of emotional content of the perceived expressions in working memory. Mnemonic processing of visual objects and faces has been shown to activate the ventral "what" pathway and that of visual locations the dorsal "where" pathway (e.g., Courtney et al., 1996 Courtney et al., , 1997 Courtney et al., , 1998 McCarthy et al., 1996) . It has also been suggested that verbal and visual working memory are mediated by separate neuronal systems Prabhakaran et al., 2000; Rä mä et al., 2000a) . Recently, it has also been studied whether there is functional dissociation between spatial and nonspatial processing in the auditory system (Clarke et al., 1998; Anourova et al., 1999; Weeks et al., 1999; Zatorre et al., 1999; Romanski et al., 1999; Rä mä et al., 2000b) . There is indication that the anterior and caudal regions of the auditory cortex project to separate prefrontal regions earlier implicated in visual nonspatial and spatial memory, respectively (Romanski et al., 1999) . Consistent with this finding the inferior frontal gyrus which has been suggested to be involved in working memory processing of nonspatial visual information was found to be activated during processing of nonspatial auditory material (Zatorre et al., 1992) , and emotional vocalizations (Imaizumi et al., 1997) . Furthermore, a recent study indicates that working memory processing of both visual and auditory locations activates a common network comprising posterior parietal and prefrontal cortical areas (Martinkauppi et al., 2000) . Thus, it is possible that also in the auditory system spatial and nonspatial information processing is segregated and that the networks handling spatial and nonspatial information are partially common for the visual and auditory systems.
In most of the previous studies dealing with neuronal representations of emotions subjects discriminated the gender of a face or voice instead of an emotional expression (e.g., Morris et al., 1996; Breiter et al., 1996; Phillips et al., 1997 Phillips et al., , 1998b . However, in addition to this type of implicit processing, also explicit interpretation of facial and vocal expressions of emotions occurs in social interaction. Recently, it has been indicated that the neural mechanisms underlying implicit and explicit processing of facial expressions are distinct (Critchley et al., 2000) . In the present work, we aimed to study the neural mechanisms involved in working memory processing of aurally presented words conveying emotional information. We hypothesized that working memory processing of emotionally valenced information would activate brain areas related to explicit processing of emotional information. Recent evidence suggesting dissociation between spatial and nonspatial auditory information processing (e.g., Clarke et al., 1998; Anourova et al., 1999; Romanski et al., 1999) led us also to predict that mnemonic processing of vocal expressions of emotions would activate brain areas involved in working memory processing of nonspatial auditory information. We used one-word utterances as memoranda in an n-back task which, due to its continuous and parametric nature, has proved to be a suitable paradigm in fMRI studies on working memory processing (e.g., Braver et al., 1997; Carlson et al., 1998; Martinkauppi et al., 2000; Nystrom et al., 2000) . The stimuli were the Finnish name [Saara] uttered with five different emotional connotations. The emotion-related acoustic variations of the stimuli and the agreement of judgments of listeners have been determined earlier in a study by Leinonen et al. (1997) .
MATERIALS AND METHODS

Subjects
Eight right-handed female subjects (ages 21-25 years, mean 22 years) with no history of hearing, neurological, or psychiatric problems were studied. The subjects gave written consent and were paid for participating in the experiment. Before the fMRI, the nback task was explained to the subjects and they were allowed to practice each condition until they felt comfortable with the stimuli and were ready to start the experiment. The order of presentation of stimuli in the practice trials was different from those used during the fMRI. The study protocol was approved by the ethical committee of the Department of Radiology at the Helsinki University Central Hospital.
Stimuli
The stimuli were the Finnish female name [Saara] uttered in an astonished, angry, frightened, commanding, and scornful mode. The stimuli were the same as the ones used in the study by Leinonen et al. (1997) in which an auditory rating test was conducted with the recorded and digitized stimuli. The recording and signal sampling techniques as well as the auditory rating test have been described earlier in detail (Leinonen et al., 1997) . In short, the speech samples of the stimuli were obtained by asking eight female subjects to utter the name [Saara] with ten different connotations defined by ten frame stories. In the auditory rating test, the digitized samples were rated by 73 subjects who were asked to choose 1 of the 10 given categories (stating, astonished, pleading, angry, content, admiring, sad, commanding, scornful, frightened, and angry) for each sample. The results of the auditory rating test showed that the agreement of judgements among the listeners was high for angry, commanding, astonished, scornful, and frightened utterances (Leinonen et al., 1997) . From these five categories the 17 best-identified stimuli were chosen for the present study: four samples of angry, astonished, and frightened, three samples of commanding, and two samples of scornful intents. Each category was presented with an equal frequency of occurrence. The stimuli were uttered by five different females. The angry samples had been agreed on by 81-99% (mean 91.0, SD 7.8), frightened by 70 -99% (mean 90.8, SD 14.0), astonished by 70 -89% (mean 83.5, SD 9.1), scornful by 77-80% (mean 78.5, SD 2.1), and the commanding samples by 70 -84% (mean 77.7, SD 7.10) of the judges in the study by Leinonen et al. (1997) . The mean durations of the angry, frightened, astonished, scornful, and commanding samples were 677 ms (range 565-775 ms, SD 88), 707 ms (range 571-922 ms, SD 152), 857 ms (range 755-963 ms, SD 90), 857 ms (750 -963 ms, SD 151), and 539 ms (522-554 ms, SD 16), respectively. During the fMRI scan-ning, the stimuli were presented binaurally with an equal intensity through plastic tubes attached to eartips (Nicolet, Biomedical Inc., U.S.A.).
Auditory Rating Test and n-Back Task
Before starting the fMRI imaging, our subjects also performed the auditory rating test, described earlier in detail by Leinonen et al. (1997) . In short, each sample (altogether 73 samples) was presented three times, followed by a 5-to 6-s pause during which time the subjects were asked to choose one category which described best the sample from a list of 10 categories. The test lasted 20 min, and the agreement of judgements among the subjects were calculated.
In the n-back tasks, the subjects were instructed to memorize the emotional connotations of the stimuli irrespective of the speaker's identity. An n-back task with three load levels (0-, 1-, and 2-back tasks) was employed. The subjects responded after each stimulus by pressing with the right index or middle finger the left or right button, respectively, of an optical response pad. The time from the offset of a stimulus to the onset of the following stimulus varied between 2587 and 3028 ms depending on the duration of the stimulus but the interstimulus interval was kept constant at 3550 ms. In the 0-back task, the subject was instructed to press the left button whenever the stimulus had a predetermined emotional connotation (scornful). In the 1-back task, the subject was instructed to press with the right index finger the left button whenever the stimulus had the same connotation as the previous one. In the 2-back task, the subject pressed the left button whenever the stimulus had the same connotation as the one two trials back. If the stimulus had a different emotional connotation, the subject was instructed to press the right button (Fig. 1A) . At all load levels, 33% of trials were match trials. The subjects were instructed to blink normally but to maintain visual fixation of the central cross throughout the task performance. At the end of the experiment, the subjects indicated the difficulty level of the tasks on a five-point scale (1 ϭ very easy, 2 ϭ easy, 3 ϭ intermediate, 4 ϭ difficult, and 5 ϭ very difficult) and described the strategies they had used during the task performance. The changes in the number of incorrect responses, reaction times, and subjective evaluations of difficulty levels between different working memory load levels were analyzed statistically using an analysis of variance for repeated measures (ANOVA), and when the results were significant (P Ͻ 0.05), a paired parametric t test (reaction times) or a paired nonparametric Wilcoxon signed rank test (incorrect responses and subjective difficulty levels) was used.
Functional Magnetic Resonance Imaging and Data Analysis
MR-images were acquired with a Siemens Vision (Erlangen, Germany) 1.5-Tesla scanner. The head of the subject was stabilized with a moldable vacuum cushion to minimize movements during imaging. Functional MRI measurements were performed using a gradient-echo, echo-planar imaging sequence (16 transaxial slices, 5.0 mm thickness, 0.5-mm gap, repetition time (TR) ϭ 3550 ms, echo time (TE) ϭ 70 ms, flip angle 90°, field of view (FOV) ϭ 256 mm, 64 ϫ 64 matrix). The acquisition of a set of 16 transaxial slices (one image volume) was started 50 ms after the offset of the stimulus to avoid the noise of the magnet to disrupt the listening of the stimuli. Each task condition (0-, 1-, and 2-back) consisted of 20 trials. Thus, 20 image volumes were obtained during the performance of one task condition (Fig. 1B) . During one experiment, each task condition was presented twice in a counterbalanced order (Fig. 1C ) and a time series of 120 image volumes was acquired. The experiment was run three times during the same imaging session and, thus, the data consisted of three blocks of 120 scans. The task condition to be started was indicated at the beginning of each task condition with an instruction figure which was presented with the computer and viewed through a mirror positioned on the head-coil. The duration of the instruction figure was 1 s followed by a 1-s interval before the task started. At the end of each task condition, there was a 10-s interval during which the screen remained blank. The presentation of stimuli, triggering of MR image acquisition and collection of behavioral data (incorrect responses and reaction times) were controlled by a computer program (Neuro Scan, Inc.). A T1-weighted 3-D-MPRAGE (magnetization prepared rapid gradient echo) structural image set was also acquired (180 sagittal slices, 1-mm thickness, no gap, TR ϭ 9.7 ms, TE ϭ 4 ms, inversion time (TI) ϭ 20 ms, flip angle 10°, FOV ϭ 256 mm, 256 ϫ 256 matrix).
For the data analysis, the first two image volumes from the beginning of each task condition were excluded, allowing hemodynamic responses to stabilize. After motion correction using automatic image registration (AIR 3.0) software (Woods et al., 1998) , a pixel by pixel unpaired two-tailed t test was performed between images belonging to different task conditions (2-vs 0-back task and 1-vs 0-back task). A general linear model correlation test was also performed for each subject to detect brain areas with significant load-dependent increase in signal change during the experiment (0-back Ͻ 1-back Ͻ 2-back tasks) (Bandettini et al., 1993) . Correlation analysis was used to find out whether the signal changes obtained at different levels of n-back task were parametrically increased as a function of the working memory load. Brain areas with voxels reaching Z values Ն 5.327 (corresponding to P value Յ 0.001 after Bonferroni correction) were considered statistically significant activation areas. After registration into the Talairach coordinate system, the Z maps from the correlation test and the t tests were averaged across all subjects. Activations were anatomically localized both in the averaged and individual maps using the Talairach coordinates of the center of the activation area (Talairach and Tournoux, 1988) and the brain altas by Damasio (1995) . Image analysis was performed using MEDx (Sensor Systems Inc., U.S.A.) software.
The possible correlation between the extent of cortical areas with a significant memory load-related signal intensity increase and parameters reflecting task performance ability (number of incorrect responses, RTs) was studied using MEDx and SPSS 9.0 (SPSS Inc., U.S.A.) programs. After defining the significantly activated brain areas in the comparison between the 0-and 2-back working memory tasks, the number of voxels displaying a significant signal intensity increase was counted in regions of interest (ROIs) in anatomical areas displaying consistent activation in most subjects. This was done by demarcating the cluster of significantly activated voxels in the t test probability maps of the 2-back vs 0-back task comparison for each subject in the Talairach coordinate system. The Pearson correlation test was used to investigate the relationships between the number of activated voxels in the ROIs and the increase in the number of errors and the increase in the length of the RTs from 0-back to 2-back task. The number of the activated voxels were normalized across subjects by dividing the individual count of the activated voxels in each ROI with the mean of the sum of the counts in the ROI across all subjects. The increase in the number of incorrect responses as well as in the reaction times from the 0-back to 2-back task were also normalized across subjects.
RESULTS
Behavioral Data
The results of the auditory rating test given before the fMRI imaging showed that, in average, the samples used in the n-back task were identified by more than 75% of the subjects. The mean percentage of incorrect responses, reaction times (RTs), and the mean subjective difficulty levels are shown in Figs. 2A-2C . The number of incorrect responses (Fr ϭ 14.25, P Ͻ 0.0001), the length of RTs (F(2,7) ϭ 4.63, P Ͻ 0.05), and the subjective difficulty level (Fr ϭ 10.41, P Ͻ 0.01) were affected by mnemonic load. The subjects made significantly more incorrect responses during the 2-back (mean 27%, P Ͻ 0.01) and 1-back (mean 18%, P Ͻ 0.01) tasks than during the 0-back task (mean 10%, Fig. 2A) . The difference in the number of incorrect responses was also significant between the 1-back and 2-back tasks (P Ͻ 0.05). The RTs were significantly longer in the 2-back than in the 0-back task (t(7) ϭ 2.64, P Ͻ 0.05, Fig. 2B ) and the 2-back task was considered significantly more difficult than the 1-back (P Ͻ 0.01) and 0-back (P Ͻ 0.05) tasks (Fig. 2C) . The corresponding differences were not significant between the 1-back and 0-back tasks. In the 0-back task, three subjects (Ss 1, 2, and 8) reported having used a verbal strategy during the task performance. In the 1-back and 2-back tasks, six (Ss 1, 2, and 4 -7) and seven (Ss 1-7) subjects, respectively, used a verbal strategy. One subject reported having used an additional visual strategy in the 2-back task (S 8).
Functional MRI
fMRI results of individual subjects. To find out the distribution of activated brain areas at individual level the data were analyzed separately for each subject. Table 1 presents the brain regions with significant signal intensity changes in at least half of the subjects in the comparisons between the 2-back and 0-back and 1-back and 0-back tasks in individual subjects. In the following the results of the 2-back vs 0-back comparison are described in detail. The comparison between the 1-back and 0-back tasks revealed significant activation in the same regions in few subjects only (Table 1) .
Several prefrontal areas were load-dependently activated in most subjects (Figs. 3A and 3B ). The most consistently activated areas in the comparison between the 2-back and 0-back tasks were found in the inferior frontal gyrus (IFG), middle frontal gyrus (MFG), and superior frontal gyrus (SFG). In the SFG, there were two distinct activation areas: one was in the superior frontal sulcus (SFS) or in an adjacent area in the SFG (SFG/SFS), and the other in the medial wall of the SFG (FGd) and in an adjacent area in the SFG (SFG/FGd). Both SFG/SFG and SFG/FGd were activated in all but one subject. The posterior MFG was consistently activated in all eight subjects. The IFG was activated in all but one subject. The IFG activation was bilateral in four subjects and unilateral on the left side in three subjects. Activation was also detected in the precentral gyrus (PreCG) in six subjects and in the frontal pole (Fpole) in five subjects.
The intraparietal sulcus (IPS) and an adjacent cortical region in the supramarginal gyrus of the inferior parietal lobe (IPL) was activated in all but one subject (Fig. 3C) . The superior parietal lobe (SPL) and the precuneus (PreCun) were less consistently activated in five subjects (Table 1) .
The middle (MTG) and inferior (ITG) temporal gyri were activated in four subjects (Table 1 ). In the visual association areas, activation was detected in the lingual (LG) and fusiform (FG) gyri. These activations were detected in all but one subject. In five subjects activation was also detected in the lateral occipital gyrus (LOG).
fMRI results of the data averaged over subjects. In the following, the brain regions with significant signal intensity changes in the t test (data averaged over subjects) in the comparison between the 2-back and 0-back tasks are described. In frontal areas, activation was detected in the left IFG, left posterior MFG, and left anterior cingulate gyrus. Bilateral activation was detected in the SFG/SFS, anterior MFG, GFd, and PreCG. Also the parietal areas including the SMG, IPS, SPL, and PreCun were bilaterally activated. Ac-
FIG. 2. (A) The mean percentages of incorrect responses in each task condition. (B)
The mean reaction times in the 0-, 1-, and 2-back tasks. (C) The mean of the scores of the subjective difficulty levels of different task conditions. Vertical bars indicate SEMs (*P Ͻ 0.05; **P Ͻ 0.01).
tivation was also detected in the LOG and the left insula. The comparison between the 1-back and 0-back tasks resulted in the detection of significant activation only in few frontal areas (left IFG, anterior MFG, and PreCG).
The correlation analysis revealed several regions with parametrically increased signal change as a function of working memory task load (Fig. 4) . In the frontal areas, the significant effect of load was found bilaterally in the IFG, anterior MFG, SFG/SFS, SFG/FGd, PreCG, anterior cingulate gyrus, and insula. The posterior MFG was activated unilaterally in the left hemisphere. In the parietal lobe, the correlation analysis detected bilateral activation in the SMG, IPS, and PreCun and unilateral activation in the left SPL. The MTG and LOG were activated in the left hemisphere.
Correlation between cortical activity and task performance. To study the correlation between the extent of significant cortical activation and parameters describing task performance ability, the number of voxels displaying a significant signal intensity increase was counted in eight ROIs (IFG, anterior and posterior MFG, and SMG/IPS in both hemispheres). The ROI in the IFG corresponded to activation in BAs 44/45, in the anterior MFG to BAs 46/9, in the posterior MFG to BAs 6/8 and in the SMG/IPS to BAs 7/40. The results of the Pearson correlation analysis which was performed for the activation detected in the 2-back vs 0-back task comparison showed a positive correlation both in the left (r ϭ 0.74, P Ͻ 0.05) and right (r ϭ 0.94, P Ͻ 0.01) SMG/IPS between the number of voxels with a significant signal intensity 
Note. Fpole, frontal pole; IFG, inferior frontal gyrus; MFG, medial frontal gyrus; SFG/SFS, superior frontal gyrus/superior frontal sulcus; SFG/FGd, superior frontal gyrus/dorsal frontal gyrus; PreCG, precentral gyrus; SMG, supramarginal gyrus; IPS, intraparietal sulcus; SPL, superior parietal lobule; PreCun, precuneus; ITG, inferior temporal gyrus; MTG, middle temporal gyrus; LOG, lateral occipital gyrus; LG/FG, lingual gyrus/fusiform gyrus; ant., anterior; post., posterior. The results are shown for each subject and both hemispheres. BA, Brodmann's area; L, left; R, right.
increase and a high number of incorrect responses. A tendency to make more mistakes in the high load memory task did not correlate with the extent of activation in any other ROIs investigated. The change in the performance speed as measured with the increase in RTs between the 0-back and the 2-back tasks did not significantly correlate with the number of activated voxels in any of the studied ROIs.
DISCUSSION
In the current work, we studied neural mechanisms underlying working memory processing of vocal expressions of emotions. The results demonstrated that an increase in mnemonic load in a vocal n-back task modulated cortical activation parametrically in the IFG, posterior regions of the MFG and SFG, inferior parietal areas, including the IPS and SMG, and in occipital association areas. Previously, inferior frontal and posterior parietal areas have been shown to be part of the neural system involved in working memory maintenance and rehearsal of visually presented verbal information (e.g., Smith et al., 1996; Braver et al., 1997; Cohen et al., 1997; Jonides et al., 1997) . The present results extend the previous findings by suggesting that the neural system subserving verbal working memory is also activated during working memory processing of vocal emotional information.
The n-back task, due to its continuous and parametric nature, has proved to be a suitable paradigm in fMRI studies on working memory processing (e.g., Braver et al., 1997; Cohen et al., 1997; Carlson et al., 1998; Martinkauppi et al., 2000; Nystrom et al., 2000) . In the n-back task only the memory load is varied and the other features such as the number of stimuli, and the number and type of motor responses remain similar at different load levels, and thus, the activated brain areas reflect neuronal processing related to the load differences of the tasks. There are, however, some aspects intrinsic to a blocked n-back task design that complicate interpretation of the results, including the fact that the n-back task involves several cognitive components such as encoding, maintenance, and retrieval of information which are not separable in a blocked design.
The amygdala and prefrontal cortex have been suggested to have an essential role in processing of emotions in the human brain (for review see Davidson and Irwin, 1999) . In the present study, however, we did not detect load-dependent activation in the amygdala earlier shown to be involved in implicit recognition of facial and vocal expressions (Breiter et al., 1996; Phillips et al., 1997 Phillips et al., , 1998a Scott et al., 1997; Morris et al., 1999) . This result implies, on one hand, that the level of activation in the amygdala was of similar magnitude at the different memory load levels or, on the other hand, that the amygdala is not involved in explicit recognition and working memory processing of vocal emotions. In several previous studies the amygdala was not activated when the subjects were required to identify explicitly the emotional content of stimuli (Imaizumi et ., 1999) . Furthermore, in a recent study in which explicit and implicit processing of facial expressions were directly compared, the amygdala was significantly more activated for implicit than explicit processing, whereas the opposite was true for the temporal cortex (Critchley et al., 2000) . Damage to the prefrontal cortex is associated with several deficits in emotional or social behavior. These include depressive symptoms (for review see , deficits in anticipation of negative or positive consequences of actions (Bechara et al., 1994) , and deficits in moral and social reasoning (Anderson et al., 1999) . Prefrontal damage has also been suggested to induce inability to maintain emotional information in working memory and to use this information in goal-directed behavior (for review see Davidson and Irwin, 1999; Davidson, 2000) . In the present study, several prefrontal regions which have been shown to be involved in working memory processing of verbal information were load-dependently activated during the n-back tasks suggesting that working memory processing of verbal and emotionally valenced auditory information share common neuronal systems in the prefrontal cortex.
The IFG, which was load-dependently activated during the vocal n-back tasks in the present study, has been previously shown to be involved in phonological processing (Zatorre et al., 1992; McCarthy et al., 1993) , subvocal rehearsal of phonological material (Paulesu et al., 1993; Schumacher et al., 1996; Smith et al., 1996; Braver et al., 1997) , retrieval or selection of semantic information from memory (Martin et al., 1995; Thompson-Schill et al., 1997) , and working memory processing of faces (Courtney et al., 1996 (Courtney et al., , 1997 . In the present study, the subjects were required to identify the emotional valence of vocal stimuli and to maintain active representation of the stimulus/stimuli during the nback tasks. To keep complex vocal stimuli in mind for several seconds (about 8 s in 2-back task), the subjects used verbal, acoustic, and even visual processing in order to accomplish the task. The activation in the IFG was predominantly leftsided, which is in line with several previous studies demonstrating a left hemispheric predominance for working memory maintenance of verbal material (e.g., Paulesu et al., 1993; Smith et al., 1996; Rä mä et al., 2000a) . Activation in the IFG has been, however, also detected during identification of facial or vocal expressions (Imaizumi et al., 1997; Nakamura et al., 1999) , and it has been suggested that the inferior frontal regions converge emotional information from other brain areas for further information processing (Sprengelmeyer et al., 1998) . In the study by Nakamura et al. (1999) , activation during assessment of facial expressions was detected in the right IFG, suggesting that there is a right hemispheric predominance for nonverbal processing of emotions. The activity in the left IFG, on the other hand, is related to explicit processing of vocal emotions as indicated by the present study as well as the study by Imazumi et al. (1997) .
Activation in the MFG, corresponding to BAs 46/9, was detected in the 2-back vs 0-back comparison in the present study albeit not as consistently as in our earlier studies in which visuospatial and audiospatial working memory processing was studied using the nback task paradigm (Carlson et al., 1998; Martinkauppi et al., 2000) . In studies on verbal working memory, it has been demonstrated that, in addition to ventral areas, also dorsolateral prefrontal areas are activated with increasing memory load Rypma and D'Esposito, 1999) , suggesting that the dorsolateral prefrontal cortex is recruited when the requirements of the task approach short-term memory capacity (for review see D 'Esposito et al., 2000) . There is, however, also an indication that during a verbal working memory task the dorsolateral prefrontal cortex is involved in encoding but not in maintenance of information (Rypma and D'Esposito, 1999) , and recently it was suggested that this area is related to response selection in a spatial memory task (Rowe et al., 2000) . The more posterior regions in the MFG and SFG including the medial wall of the SFG (FGd), corresponding to BAs 6 and 8, were activated in most of our subjects in the 2-back vs 0-back comparison. Activation in the SFG has earlier been observed in several studies using the n-back task paradigm Carlson et al., 1998; Martinkauppi et al., 2000; Nystrom et al., 2000) . The dorsomedial areas of the frontal cortex have been suggested to be involved in attention or in selection of an appropriate motor response from working memory , which could explain the activation detected in this region in the present study. There is also evidence that the medial frontal and the anterior cingulate cortices are involved in action monitoring such as error detection and response competition during task performance (Carter et al., 1998; Gehring and Knight, 2000; Luu et al., 2000) . The activation in the anterior cingulate cortex has also been suggested to be related to increased difficulty in a verbal memory task (Barch et al., 1997) .
The present study also indicates that mnemonic processing of emotional vocal expressions activates the SMG/IPS. Left-sided posterior parietal activation has earlier been demonstrated during verbal working memory tasks (e.g., Awh et al., 1996; Smith et al., 1996; Barch et al., 1997) . The phonological material to be memorized in these studies was, however, presented visually and not aurally. In a few previous studies, activation in inferior parietal area has also been detected during working memory processing of auditory verbal and nonverbal information (Zatorre et al., 1994; Martinkauppi et al., 2000) . During an audiospatial working memory task, a more extensive activation was observed in the right than left hemisphere (Martinkauppi et al., 2000) , whereas the present results indicate that the parietal cortex is bilaterally involved in active maintenance of emotional content of vocal information.
Recently, several studies on working memory processing have shown correlations between individual differences in task performance and the extent of cortical activation (Rypma and D'Esposito, 1999; D'Esposito et al., 2000) . In the present study, we found a correlation between enhanced activation in the SMG/ IPS and a tendency to make more mistakes in the high memory load tasks. This finding may indicate that the level of activation in the SMG/IPS is related, e.g., to the level of attention of the subjects, to changes in motor preparatory activity or to increased memory-related processing due to difficulties in mastering the task. Earlier, it has been shown that the ability to perform a spatial n-back task was associated with the extent of activation in the right parietal cortex (Jansma et al., 2000) .
The analysis of individual data showed that the FG and LG were activated in most of our subjects in the 2-back vs 0-back comparison. LOG activation was seen both in the individual and averaged data. Previously, both perception and working memory for faces and facial expressions have been reported to activate the FG (Haxby et al., 1994; Courtney et al., 1996; Kanwisher et al., 1997; Haxby et al., 2000) . A recent finding that recognition of negatively valenced visual stimuli activates the LG suggests that this region is involved in processing of emotions (Taylor et al., 1998) . Furthermore, patients with post-traumatic stress disorder express LG activation in response to traumatic pictures and sounds (Bremner et al., 1999) . From our results it can be inferred that these visual association areas are also involved in mnemonic processing of emotional content of aurally presented verbal material. The interpretation of emotional expressions probably requires the association of the significance of vocal and facial expressions, parallel to the finding that the perception of facial expressions of disgust activates an area involved in perception of offensive tastes (Phillips et al., 1997) . The present results suggest that the LG/FG and LOG are possible candidates for the convergence of facial and vocal expressions. This suggestion is in line with the finding that learning of auditory-visual associations modulates the activity in the occipital visual areas (McIntosh et al., 1998) .
Taken together, our results indicate that a distributed cortical system comprising subregions in occipital, parietal and frontal areas is involved in mnemonic processing of emotionally valenced auditory information. There is earlier evidence that activation of frontal and parietal regions is related to working memory maintenance and rehearsal of verbal material. The present results imply that verbal and emotional memory share common neuronal systems. The finding that subareas in the occipital visual association cortex were activated in the present study may indicate that these regions are involved in convergence of information of facial and vocal expressions to facilitate interpretation or mnemonic processing of vocal emotions.
